This article deals with assessment of changes in ice cover duration and maximum ice cover thickness for the last three decades compared with the previous period by the example of observation data for 28 hydrometric stations on rivers and 10 hydrological stations on lakes. Estimations of homogeneity and trends of long term serious of above mentioned rivers and lakes ice regime characteristics for three time periods were carried out using Student and Fisher criteria. Assessment of changes in ice regime characteristics for the period 1980-2010 compared with the period of stationary climate (from the beginning of observations until 1979) using two methodological approaches was made. The results can be used for solving problems of economy branches adaptation in case of rivers and lakes used in winter conditions.
Introduction
In recent decades, the issue of assessing changes in hydrological regime of surface water bodies in a non-stationary climate has become especially relevant.
Over the past 100 years, average annual temperatures on the territory of the Russian Federation have risen by 1.2˚C, which resulted in noticeable changes in hydrological regime of many rivers and lakes of the country. Studies of these changes are mainly focused on water resources and water balance of rivers as these are two major factors shaping the dynamics of water use both annually and inter-annually, which is critically important in planning and implementation of different water management projects in river basins. Very few studies are focused on surface water bodies' ice regime characteristics. However, it is known that such characteristics of river and lake ice regime as dates of ice-on and ice-off, duration of ice cover and ice thickness are highly important and sometimes limiting factors in winter operation of these water bodies. The dates of ice-on and ice-off and duration of ice cover determine navigation, hydraulic construction in cold period, construction of ice roads and bridges. Ice thickness is a major factor in evaluating the bearing capacity and duration of river and lakes ice bridges and roads. It is for this reason that the issue of assessing changes in ice regime of lakes and rivers, both in current and possible future climate conditions, is of undoubted importance. This issue is not being addressed; it will not be possible to maximize the efficiency of operation of rivers and lakes in cold and winter periods when ice phenomena are favorable for some economic activities and at the same time restrictive for others.
Status of Research
In the Russian Federation, research in the field of climate change impact on surface water bodies ice regime has begun relatively recently-since the early 1990s. [1] .
Since the end of the 1990s, research in changes of ice regime of surface water bodies began at the State Hydrological Institute (St. Petersburg, Russia). Case studies of individual rivers and water bodies were used initially also with respect to freeze-up and break-up dates. In general, trends in long-term changes of the freeze-up and break-up dates over the past 50 -100 years were analyzed [2] .
Over the subsequent 10 years, the scope of characteristics to be analyzed was extended to include changes in ice cover duration and maximum ice thickness. It was found that the period since the beginning of the 1980's has seen the sharp rise in the degree of changes in water bodies ice regime [3] [4] . These changes are diverse for water bodies located in different natural zones. The main focus in these studies was on the Arctic rivers of Russia [5] .
Outside Russia, since the end of the 1990s, the most extensive research was done in Canada, Finland and the USA [6] [7] [8] . In the last decade of the XX century, scientists from the USA initiated an international project on assessment of historical trends of freeze-up and break-up dates on rivers and lakes in the Northern Hemisphere. The project involved scientists from Canada and Finland and the outputs were published in the Science Journal [9] . Further studies in this field were mainly done in Canada (T. Prowse, B. R. Bonsal, C. R. Duguay).
An important step in international research activities was the establishment of the SWIPA (Snow, Water, Ice and Permafrost in the Arctic) project under the V. Vuglinsky auspices of АМАР (Arctic Monitoring and Assessment Programme). The findings of the project have been summarized in a fundamental monograph with a specific chapter Lake and river ice addressing changes in the ice regime of the Arctic surface water bodies [10] [11] [12] . The author of the present article was the co-author of the chapter. It should be noted that research conducted outside Russia mainly focus on freeze-up and break-up dates and assessment of their trends.
Looking at the Russian research activities, one can outline the following major findings:
1. Determined are the features of long-term changes in river and lake ice regime, both for separate natural regions and for individual water bodies.
2. Revealed is a clear trend towards strengthening of the gradient of changes in ice regime characteristics since the early 1980's. The role of the climate component in these changes is not so clear.
3. There have been only general efforts to assess future changes in surface water bodies ice regime. The methodology for such assessment is currently at an early stage of development.
In view of the above, there is a need to enhance the research, first, in further development of methodologies to assess past and, especially, expected future changes in river and lake ice regime in close connection with climate indicators and their projected changes. Secondly, the scope of the research should be extended to include more rivers and lakes of Russia for which such assessments are made, including for the next 15 -20 years.
The present article describes the findings of the research in changes of the ice regime characteristics of rivers and lakes located in the main natural zones of Russia over the past three decades.
Methodology and Input Data
Long-term series of ice cover duration and maximum ice thickness from the Water Cadastre of Russia were used as input data. Ice cover duration is a period since the appearance of stationary ice on a river or lake in autumn until the start of ice drift in spring.
Data from 28 gauging sites on 21 river and 10 observing sites on 8 lakes in all major natural regions of Russia were used in the assessment. All input information and data were downloaded in a special electronic database. Table 1 presents information on observing sites in rivers used for the assessment.
The information on lake sites used in the assessments is presented in the Table 2.
To assess changes in ice regime characteristics a comparative analysis of mean values as well as their trends was made for the three specific periods (entire pe-V. Vuglinsky 
Assessment of Homogeneity of Long-Term Ice Regime Series
Two general criteria were used to assess the homogeneity of long-term series of ice cover duration and maximum ice thickness, namely the Student's t-test (as- Table 3 below provides the results of long-term series homogeneity assessments for maximum ice thickness on rivers. Table 3 demonstrated that for maximum ice cover on rivers the homogeneity hypothesis has proved not to be true by both criteria for seven gauging sites (Luga-Tolmachevo, Northen Dvina-Kotlas, Mezen'-Marakaib, Pechora-Ust'-Unya, Ob'-Oktyabrskoye, Biya-Biysk and Lena-Kyusyur).
Analysis of data in
Looking ahead, one can mention that for the above gauging sites the analysis of trends (to be discussed below) demonstrated either multidirectional trends in the first and second periods (Northen Dvina-Kotlas, Pechora-Ust'-Unya, Ob'-Oktyabrskoye, Biya-Biysk) or highly different trend gradients when comparing two periods (Luga-Tolmachevo, Mezen'-Marakaib, Lena-Kyusyur). The same In regard to the long-term series of ice cover duration on rivers, the homogeneity hypothesis has proved not to be true by both criteria only for the Mezen'-Marakaib gauging site (as well as for the maximum ice thickness).
Long-term series of ice thickness on lakes have proved to be homogeneous by both criteria for five gauging sites. It is only for one site (lake Kubenskoye-Kubenskoye) that the hypothesis has proved not to be true by both criteria. The main reason for that are different trend gradients for both periods. The same reason lies behind non-homogeneity by Student's test of maximum ice thickness long-term series of the lakes Lacha-Nokolo and Khanka-Astrakhanka. Long-term series of ice cover duration for six lake observing sites have proved to be homogeneous by both criteria. It is only for two sites (lake Baikal-Baikal and lake Khanka-Astrakhanka) that the time series have proved non-homogeneous by the Student's t-test, which, judging by the trend analysis, can be explained by differences in trend gradients for both periods and, accordingly, by differences in mean values for both periods.
Summarizing the results of the assessment, a very important trend can be observed: if time series of maximum ice thickness of an observing site are non-homogeneous by both criteria, the same is the case for the time series of duration of ice cover by both or only one criteria. The examples of such sites on rivers are Luga-Tolmachevo, Northen Dvina-Kotlas and Mezen'-Marakaib. This can be explained by the fact that sharp fluctuations of average ice cover duration for a long period are usually accompanied by changes in average maximum ice thickness for the same period. For example, if a series of harsh winters with prolonged ice cover duration is observed, average maximum ice thickness increases for the same period and vice versa.
Assessment of Trends of Long-Term Series of Ice Regime Characteristics
Trends of long-term series were assessed by the Student's t-test for three time intervals. The test of hypothesis of the regression coefficient equal zero consisted in comparison of absolute value t with t 0.05 (m). If |t| > t 0.05 (m), the hypothesis is discarded with error probability 0.05 (trend is significant). If not, there is no reason to discard the hypothesis (the trend is insignificant). As for long-term series of ice cover duration, it is only for seven gauging sites that total assessment of trends was made for all the three periods. For the rest of the sites, assessment was made only for the second period due to absence of data.
For all the three periods, statistically significant trends were obtained for the same sites as they were obtained for maximum ice thickness but not always for the same periods. For example, for the Luga-Tolmachevo site, statistically significant trend was obtained for the entire period, while for the Northen DvinaKotlas, Mezen'-Marakaib and Pechora-Troitsko-Pechorsk they were obtained only for the first period ( Figure 3 ) and for Ural-Verkhneuralsk-for the second one. 
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For those sites which had time-series only for the second period, statistically significant trends were obtained for the sites Iset'-Isetskoye, Yenisei-Selivanikha, Lena-Macha, Lena-Kyusyur, Ussuri-Kirovskiy and Kolyma-Zyryanka. It is worth noting that for four out of six abovementioned sites statistically significant trends were obtained also for time-series of maximum ice thickness.
Statistically significant trends in long-term series of maximum ice thickness on lakes were obtained for the lakes Ilmen-Voitsy and Kubenskoye-Korobovo (entire series and second period), Imandra-Zasheek, Lovozero-Lovozero (second period) and Chany-Kvashnino (entire period) (Figure 4 ).
For the series of ice cover duration, statistically significant trends were obtained for the lakes Imandra-Zasheek, Lovozero-Lovozero (first period), ChanyKvashnino, Khanka-Astrakhanka (entire series and second period) and BaikalBaikal (entire series). It is easy to show that for three abovementioned lakes statistically significant trends were obtained for both maximum ice thickness and ice cover duration (Imandra-Zasheek, Lovozero-Lovozero, Chany-Kvashnino. It should also be noticed that long-term series of maximum ice thickness for Kubenskoye-Korobovo, for which a significant trend was obtained, proved to be non-homogeneous as well as ice cover duration series with significant trends for
Baikal-Baikal and Khanka-Astrakhanka.
Assessment of Changes in Ice Regime Characteristics of Rivers and Lakes for Non-Stationary Climate Period
Changes ber of years in a series defines the gradient (Δ) of temporal changes of a parameter. For the sake of convenience, the gradients were calculated relative to a decade and expressed either in cm/decade (for maximum ice thickness series) or in day/decade (for ice cover duration series). In order to evaluate the degree of significance of the obtained trends they were related to mean values of the corresponding characteristics calculated for the stationary climate period (since the beginning of observations until 1979). Table 5 and Table 6 For some rivers, parameters related to ice cover duration are not reflected in Table 5 due to absence of data needed to calculate mean values of a parameter for the first period. Analysis of data in Table 5 demonstrates that for many rivers gradients of changes in maximum ice thickness relative to mean value of a parameter for previous period amount to 15% and more. Such gradients are especially significant for southern rivers of the European Russia (Volga-Verkhnee Lebyazhye-56%, Samara-Elshanka-24%, Don-Belyaevsky-42%). First, for these rivers mean values of the parameters for the first period are small (43 -49 cm) compared with the same values, for example, for the Siberian rivers (2 -3 times greater for maximum ice thickness). Secondly, for many rivers of the Asian Russia these gradients are equal to or 10% greater than mean values for the previous period (Ob'-Kamen-na-Obi, Tom'-Tomsk, Yset'-Ysetskoye, Barguzin-Mogoito, Shilka-Sretensk), although these mean values themselves are quite large amounting to 80 -120 cm.
As for the relations of gradients of ice cover duration to mean values of this parameter for the first period, they do not exceed 10% -15% for the rivers in question, from which it can be concluded that changes in maximum ice thickness for the past 30-year period occur more intensively than those in ice cover duration.
Data in Table 6 indicate that maximum values of coefficient K for maximum ice thickness are typical for lakes of the Kola Peninsula (Imandra-Zasheek-26%, Lovozero-Lovozero-19%) and for the lake Kubenskoye-Korobovo (18%). For the rest of the lakes these coefficients do not exceed 10% -12%.
Interestingly, as opposed to rivers, the range of changes in mean values of maximum ice thickness for the first period for lakes of both European and Asian
Russia is much smaller and varies within 65 -107 cm. Values of the coefficient K for the lakes in question vary mainly from 2% to 8% (only for the lake Baikal-
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Baikal it amounted to 13%), which proves the previous conclusion that for rivers changes in maximum ice thickness for the past 30 years occur more intensively compared with changes in ice cover duration.
A Table 7 .
Analyzing data in Table 7 In order to integrate assessments of changes in ice regime parameters of all the abovementioned rivers and lakes in 1980-2010, data on trends for the second period (Table 5 and Table 6 ) were integrated with assessment of changes in mean values for the non-stationary period (1980-2010) relative to mean values for the previous period (Table 7) . Integrated values of changes in maximum ice thickness and ice cover duration over non-stationary period (1980-2010) relative to the previous period are given in Table 8 .
Summary
The study found that maximum ice thickness on the rivers of the European Russia in 1980-2010 decreased in general by 10% -15%. It is only for the LugaTolmachevo site that this decrease amounted to more than 30% compared with the previous period (42 cm). For the rivers of the Asian Russia, decrease in maximum ice thickness amounted to 10% -20% except for the site UralVerkhneuralsk where it is estimated at 25% -35%.
Ice-cover duration on the rivers of the European Russia decreased by 5% -10%. It is estimated at 29% only for the Luga-Tolmachevo site.
V. Vuglinsky Maximum ice thickness on the above lakes decreased by 10% -15% in 1980-2010. As for decrease in ice cover duration, the negative gradient is estimated at 5% -10% compared with the previous period.
